We propose a design of a dielectric (silicon nitride) optical leaky wave antenna (OLWA) with periodic semiconductor (silicon) corrugations, capable of producing narrow beam radiation. The optical antenna radiates a narrow beam because a leaky wave (LW) with low attenuation constant is excited at one end of the corrugated dielectric waveguide. We show that pointing angle, beam-width, and operational frequency are all related to the LW complex wavenumber, whose value depends on the amount of silicon perturbations in the waveguide. In this paper, the propagation constant and the attenuation coefficient of the LW in the periodic structure are extracted from full-wave simulations. The far-field radiation patterns in both glass and air environments predicted by LW theory agree well with the ones obtained by full-wave simulations. We achieve a directive radiation pattern in glass environment with about 17.5 dB directivity and 1.05 degree beamwidth at the operative free space wavelength of 1.55 μm, pointing at a direction orthogonal to the waveguide (broadside direction). We also show that the use of semiconductor corrugations facilitate electronic tuning of the radiation pattern via carrier injection.
Introduction
An optical leaky wave antenna (OLWA) is a device that radiates a light wave into the surrounding space from a leaky wave (LW) guided mode or, vice-versa, it couples receiving optical power from the surrounding space into a guided optical mode. Optical antennas have the capabilities to enhance the interaction between light and matter, and thus have the potential to boost the efficiency of optoelectronic devices such as light-emitting diodes, lasers and solar cells, and bio-chemical detection capabilities [1] [2] [3] .
The optical antenna cases studied up to date mostly focus on the local field distribution control of the device. Those kinds of antennas are fabricated in a sub-wavelength dimension and some exceptional physical phenomena, such as super-resolution effect and near-field enhancement [4] , are realizable due to the resonant modes. Very directive near-IR optical antennas with electronically controlled beam steering and radiation pattern are the subject of great interest for applications such as planar imaging [5] and LIDAR [6] . The dielectric near-IR antenna consisting of silicon perturbations designed here can be used to transform a guided mode into a leaky mode, thus radiating in a region of space. This radiation phenomenon can be precisely described by using the concept of LWs. Accordingly, the periodicity of the silicon perturbations of the waveguide produces a spatial harmonic of the guided mode in the visible region. Recently, LWs parameterization has been used to explain enhanced directivity of a corrugated thin silver film with a sub-wavelength hole [7] . LWs have also been used to parameterize directive radiation from a quasi-crystal waveguide [8] , or from a photonic crystal interface layer [9] .
In the optoelectronics domain, silicon-on-insulator (SOI) devices have been widely utilized recently to deliver chip scale active and passive photonic devices such as amplifiers, switches and modulators with potential optoelectronic integration on the same platform [10, 11] . The SOI platform provides tight mode confinement due to a large index contrast, which is essential for miniaturization, and simultaneous low loss operation [12] . In particular, the electronic tunability of the optical parameters of silicon (such as refractive index and absorption coefficient) via current injection renders itself the ideal platform for optical antennas that can facilitate electronic beam control [13] [14] [15] . The OLWA can function as a passive transmitter or receiver as well as beam steering device. Hence, the integration of a SOI waveguide and an optical antenna is a powerful tool for optical wave guiding and electronically controlled emitters. Previously, directional couplers and sensors devices with periodic perturbations have been presented [14] [15] [16] . However, the proposed device in this article includes semiconductor periodic perturbations inside a dielectric waveguide (novel by itself) that facilitate miscellaneous optoelectronic tunability. Also, up to date, far field radiation pattern has not been utilized in the similar sense.
In this paper, we provide results for a novel CMOS compatible OLWA with electronic tuning capability, and most of the investigation is relative to a structure invariant along one direction (say z, Fig. 1 ). Indeed, though in general waves can also be guided in wide slabs (in the z direction), the results shown provide insight into how a waveguide with rectangular cross section could radiate. The radiation pattern of this latter case, a linear OLWA in a three dimensional (3D) space, is also presented at the end of the paper. The proposed OLWA consists of a silicon nitride (Si 3 N 4 ) waveguide comprising periodic silicon perturbations and it provides directive radiation patterns at communication wavelengths. Modeling of such an antenna indicates that CMOS compatible OLWAs are feasible and produce very directive radiation patterns with about 17.5 dB directivity and 1.05 degree beam-width pointing at a direction orthogonal to the waveguide direction (transverse radiation, also called broadside radiation). We show that the use of semiconductor corrugations facilitates electronic tuning of the radiation pattern via carrier injection. The Floquet theorem is adopted here to describe the periodic properties of the field inside the waveguide and LW theory is provided to give the physical explanation for the narrow beam radiation behavior. The propagation constant and the attenuation coefficient of the leaky wave propagating in the periodic structure are extracted from full-wave simulations and utilized to evaluate the far-field radiation patterns in both SiO 2 and air environments by using the theoretical formulas provided. Results demonstrate that the theoretical predictions are in excellent agreement with radiation patterns obtained by full-wave simulations.
The structure of the paper is as follows. The geometry of the proposed antenna is presented in Sec. 2. In Sec. 3, we summarize the underlying leaky wave radiation phenomenon of the single-mode waveguide including the periodic perturbations. Enhanced directivity has been related to leaky wave excitation. Based on that, we estimate the radiation pattern adopting two different approaches: i) the equivalent aperture field method and ii) the array factor method. The physical explanation for the narrow beam radiation at broadside is given in detail. The theoretical analyses are compared with full-wave simulation results obtained by using two different commercial software packages, COMSOL and HFSS, in Sec. 4. Also, the far-field radiation patterns have been obtained from full-wave simulations by computing the far-field from the near-field in both SiO 2 and free space environments, as well as directly computed by the software in air in the same section to verify the radiation pattern in the far-field. In Sec. 5 we provide a discussion on carrier injection to assess the electronic tunability of the radiation pattern. Finally, in Sec. 6, we discuss a possible 3D implementation for the proposed OLWA.
Antenna geometry
The two dimensional (2D) structure of the OLWA is presented in Fig. 1 , assumed invariant along the z direction. The optical guided mode is excited from the left side. The same mode is used to feed the OLWA made of 60 periodic silicon perturbations positioned on the bottom side of the silicon nitride waveguide. This number has been observed to be large enough to provide a long radiating section, with length L, required to achieve high directivity. The physical dimensions of the silicon perturbation are parametrically studied to obtain high directivity around the bottom transverse direction (radiation along -y in Fig. 1 ). Power radiation takes place towards ± y directions. However, the radiation is stronger in the bottom transverse direction due to the fact that the perturbation is placed on the bottom side of the waveguide. Each silicon perturbation is characterized by a width and a length equal to 300 nm w  and / 2 485 nm ld  , respectively, where 970 nm d  is the period of the perturbation. The waveguide is placed on a silica glass (SiO 2 ) substrate and is covered by a SiO 2 cover layer, and has a width 1 μm w t  . The total length of the radiating section is
where N is the number of the perturbation, chosen equal to 60 in this study. are found after a parametric study. The number of elements of the perturbation is equal to 60. The red contour represents the boundary at which the field has been extracted for far-field calculations.
Local field representations and far-field pattern theoretical derivations
In this section, Floquet theory specialized in one dimensional domain is introduced as a powerful tool to characterize the behavior of a SOI waveguide comprising a periodic perturbation. The equivalent aperture (EA) method and the array factor (AF) method are the two theoretical approaches proposed to predict far-field radiation patterns from a leaky wave produced by the presence of the silicon perturbation inside the waveguide. In this analysis, electromagnetic fields are assumed to be time harmonic with a   exp it   time variation.
Quasi-periodic field distribution along the periodic structure
The guided mode excited by the incoming field on the left side of the waveguide becomes leaky in correspondence of the periodic silicon perturbations. Such a mode decays exponentially along the structure, even for a lossless structure, and a leakage phenomenon (radiation) takes place.
In the 2D structure presented here, the electric field is polarized along z and travels along the x direction. Indeed, the problem is invariant in the z-direction and the z-component of the guided electric field satisfies the quasi-periodic property 
where d is the period of the periodic structure and ,0 propagation direction. Here, β and  are the phase and attenuation constants, respectively, of the LW. Note that, before introducing the perturbations, the original guided mode has a phase propagation constant very close to β, whereas the attenuation constant of the waveguide would be much smaller than  (without perturbation the attenuation is caused only by material losses and scattering by irregularities of the structure). Instead, with perturbations, the value of  can be significantly large because of radiation, though to have a directive OLWA this value has to be maintained low. Accordingly, in terms of a Fourier series expansion, the electric field at any place along the periodic structure can be represented as the superposition of Floquet spatial harmonics
where , xn k is the Floquet wavenumber, n is the order of the Floquet spatial harmonic,
is the weight of the n-th harmonic [17] [18] [19] . Each Floquet wave number , x n n ki   has the same attenuation constant  [7, 20] . The purpose of the periodic perturbations is to create a radiating 1 n  harmonic. Its wavenumber is , 1
, with 2 / , 
The equivalent aperture method
Based on the Floquet field expansion [Eq. (1)], the electric field along the periodic structure can be described as a superposition of field terms, and only the 1   n is relevant for radiation. Therefore, its expression evaluated on the -aperture‖ (i.e, a section from where we assume radiation is propagating away [21] ) is
where L is the total length of the silicon perturbation, and 1 E  is the amplitude of the 1   n harmonic of the electric field at the beginning of the silicon perturbation.
The beam radiation angle is related to the 1 n  spatial harmonic propagation constant in Eq. (2) 
which leads to a normalized far-field pattern magnitude 
The array factor method
The periodic perturbation in the waveguide can be considered as an array of identical scatterers from which the far-field pattern is determined by the pattern multiplication, i.e., by multiplying the pattern of the single element and the array factor (AF) of the array [22] . The pattern of the single perturbation element is quasi isotropic, whereas the array factor is very angle-selective. Therefore, as usual for directive antennas, the total far-field radiation pattern is approximated as (8) where we have assumed that L Nd  . An analogous procedure was applied in [7] to find the directive radiation pattern of a narrow slit in a corrugated silver film.
Analysis of the radiation properties
In this section, in order to validate the theoretical results, full-wave simulations are implemented by using two commercial software, COMSOL and HFSS. Explanations of particular phenomena will be provided.
The input light used in these analyses is characterized by a free space wavelength equal to 0 1.55 μm λ  , and is polarized along z. The actual simulated structure presents a calculation Fig. 1 ) whereas the other one (marked as Port 2 in Fig.  1 ) is used to monitor the power remaining after the OLWA section. The width of the SiO 2 layers is 19.5 μm, above and below. Figure 2 shows the comparison of the S-parameters obtained by COMSOL and HFSS, which are in agreement in all the analyzed wavelength range. It can be observed that 11 S is lower than 10 dB at 0 1.55 μm λ  and almost in the entire swept range. Therefore, just a very small portion of the power injected to the antenna will be reflected back by the silicon perturbations. In other words, the power accepted by the antenna will be close in value to the incident power furnished by the incoming wavemode at the input. The transmission coefficient 21 S is smaller than 20 dB at 0 1.55 μm   and in almost all the analyzed range. Therefore, very small percentage of power travelling along the waveguide will pass the silicon perturbation section. All the incident power is either lost by dissipation (material losses) or by radiation. Since material losses are much smaller than radiation losses, as stated in Sec. 3.1, we can consider that all the power has been radiated away. Note that there is a mismatch between COMSOL and HFSS only below 35 dB mostly due to different numerical precisions of the two software packages. 
Preliminary analyses

Local field across the aperture
Having assured that the proposed structure radiates, we then proceed on the analysis by computing the parameters characterizing the LW from the results obtained by full-wave simulations. From Eq. (3), it is clear that the description of the aperture field is described by means of two parameters: the propagation constant 1   and the attenuation constant .
 After having computed these parameters, the far-field radiation pattern can be easily constructed using the two theoretical methods presented in Sec. 3. The field along the silicon-perturbed waveguide contains the information regarding the two parameters stated above. Indeed, we know that the local field magnitude decays exponentially along the perturbed waveguide with attenuation Fig. 3(a)  can be measured from the slope of the line in Fig. 3(a) . Figure 3 
Far-field radiation pattern in free space and SiO 2 environments
As we have demonstrated in Sec. 3, the far-field radiation pattern can be obtained theoretically by applying two different approaches: the equivalent aperture method, leading to Eq. (5), and the array factor method, leading to Eq. (8). The far-field radiation patterns are then analytically computed by using the previously extracted values for  and 1   into Eq.
(5) and Eq. (8) for both free space and SiO 2 environments. Far-field radiation patterns in environments different from free space cannot be obtained by COMSOL and HFSS; for this reason, the Stratton-Chu integral equation [23, 24] is used to numerically implement the far-field radiation pattern transformation via the extracted fields along the red contour in Fig. 1 , at the boundary between SiO 2 and free space. The transformation between near-and far-field will be here referred to as near-field integration. We compared then our near-field integration assuming free space outside the SiO 2 geometry in Fig. 1 , with the patterns directly provided by COMSOL and HFSS, and observed perfect agreement. For this reason, we show next just the patterns derived from the near-field integration of the data provided by COMSOL and HFSS.
The free space far-field radiation patterns, assuming free space outside the SiO 2 region, are shown in Fig. 4 . The red and black lines are the results obtained by near-field integration of fields obtained by COMSOL and HFSS, respectively. Whereas the green and blue lines are the EA method and the AF method results, respectively, considering 60 silicon perturbations. The side-lobe at around 51  in Fig. 4 is not predicted by LW theory based on the values  and 1   found in Sec. 4.2. Indeed, a different phase behavior is observed in Fig. 3 for a few elements at the beginning of the silicon perturbations. The side-lobe is explained by noticing that the first two/three elements of the perturbation form a small array. Indeed, if we interpolate the first two (three) points in Fig. 3(b) , we are able to extract the value Figure 5 shows COMSOL results of the far-field radiation pattern around the main beam, assuming free space outside the SiO 2 region, when operating at different free space wavelengths. The maximum radiation angle has a clockwise shift from 88. 8  to 94  with 70 nm wavelength increase from 0 Figure 6 shows the far-field patterns assuming that the SiO 2 region extends beyond the dashed red line shown in Fig. 1 . The red and black lines are the results obtained by COMSOL and HFSS, respectively. Whereas the green and blue lines are the EA method and the AF method results, respectively, considering 60 silicon perturbations. The full-wave simulation results present a very directive main-lobe at 92.5  . Again, this peak position is in agreement with the approximate value that, adopting the formula provided in Sec. 3 Fig. 6 is not predicted by LW theory based on the values  and  found in Sec. 4.2. The same approach adopted in the case of free space environment can be used here to explain the side-lobe in Fig. 6, estimating Figure 7 illustrates the COMSOL results of the far-field radiation pattern when operating at different free space wavelengths of the incoming wave mode. It is noted that as far as the wavelength increases (frequency decreases), the maximum radiation angle turns in a clockwise way. In particular, with 70 nm wavelength increase from 0 To conclude the analysis on the radiation pattern of the OLWA, we mention that power is also radiated in the region 0 180      , Fig. 1 , with a maximum at 93.2   in free space and at 92.5   in silica glass, though radiation toward the bottom side of the waveguide is stronger. The correspondent far-field maxima in the top side of the waveguide are 2.5 dB (free space environment) or 5 dB (silica glass environment) lower than the maxima in the correspondent bottom side direction. Radiation in the region 0 180      can be avoided by adding reflectors.
Modulation by carrier injection
Linear and non-linear optical properties of silicon have attracted many researchers to develop chip scale planar optical devices on the same optoelectronic platform that is compatible with high density electronic integration [25] . In particular, integration of electronic control to manipulate the optical properties of silicon led to development of novel switches and modulators that can provide solution for telecom applications. The plasma dispersion effect is one of effective phenomena to realize high-speed modulation in silicon waveguides [26] . The basic tuning parameter in these devices is the carrier density that can alter both the Si k is the free space wavenumber (expressed in 1 m  ). Practically, the density of electrons and holes in Si can be increased up to 19 3 10 cm  in optoelectronic devices via current injection or photo generation before Auger process starts to mitigate the device performance [28] . Hence the variation in both the refractive index and the attenuation coefficient due to carrier injection may be significant to facilitate the electronic control of the radiation pattern of OLWAs. 16 3 10 cm  to 19 3 10 cm  .
To assess the true variations in the radiation pattern in presence of carrier injection into silicon perturbations, we may assume a simple model where we have equal concentration of holes and electrons, or From previous analyses, we know that the radiation pattern at the transverse direction highly depends on the attenuation coefficient of the antenna and the effective index. By using the previous analysis shown in Fig. 8 , we can estimate the tunability of the radiation pattern for various carrier injection rates. For instance, the normalized far-field pattern magnitude () F  at peak radiation angle, max   , can be estimated in SiO 2 environment by using (5) . In a first order approximation, the modified propagation constant in presence of carrier injection can be expressed as
, where ff is the filling factor of silicon perturbations (i.e., the percentage of Si volume per unit cell of the OLWA); whereas the attenuation constant in presence of carrier injection can be expressed as 
, whereas the attenuation constant  will be considered here as a varying parameter. Also, as stated at the beginning of this paper, the period of the silicon perturbations is 970 nm d  and the width of each perturbation is 300 nm w  , thus the filling factor is 15% ff  . The total length of the perturbed waveguide
, with 60 N  . In Fig. 9 we show the variation of 10 cm  to 19 3 10 cm  .
The preliminary results presented in Fig. 9 indicate that the effect of carrier injection on the power radiated at a certain direction is rather limited ( 0.52 dB  with a LW attenuation constant 0 0.01k
 
which is similar to the one extracted by full-wave simulations in Sec. 4.2). One way of amplifying weak perturbations in the optical domain is achieved by placing perturbations into optical resonators so that these perturbations will be experienced by the optical field during multiple roundtrips [29] . Indeed, it has been already demonstrated theoretically and experimentally that weak perturbations created via injection of carriers into silicon optical resonators alter the resonance wavelength and the quality factor of the resonator and provide modulation of the optical signals [29] . Similarly, by integrating OLWAs into a racetrack or Fabry-Perot integrated cavities, it is expected to amplify the 0.52 dB  perturbation in the radiation pattern of an amount which is proportional to the quality factor of the cavity. Future research should be dedicated to quantify the perturbations in the radiation pattern in resonators with practical geometries.
Three dimensional design of a linear OLWA
In the previous sections we have analyzed the 2D model (i.e, a structure invariant along the z direction) of the proposed OLWA. Though the 2D model is by itself of practical interest as slab waveguide with periodic perturbations, it is important to show how our proposed OLWA can be implemented in 3D. Radiation from a linear OLWA will exhibit high directivity in the xy plane. The design steps and the working principle are the same as those highlighted in Sec. 2: radiation is caused by a low-attenuation leaky mode with 1 harmonic having a very small wavenumber. The 3D geometry reported in Fig. 10 (because of the high numerical simulation burden of 3D structures), and each perturbation extends to the edge of the silica glass domain (characteristic that will be adopted to perform carrier injection in future works, as discussed in Sec. 5). Each silicon perturbation has the following dimensions: 6 μm, p w  300 nm, h  /2 ld  , where 1.015 μm. d 
The input light used in these analyses is as the one described in Sec. 4. Adopted materials are as in Sec. 2. The radiation pattern, assuming free space outside the SiO 2 volume, of the linear OLWA in Fig. 10 , is obtained through an HFSS simulation and shown in Fig. 11 . It has been compared with the HFSS result obtained for the 2D OLWA in Fig. 1 . The result in Fig. 11 shows that the radiation pattern carried out for the 2D OLWA is also representative for the description of directive radiation in the xy plane, for the 3D case. However, some small difference is noticeable, and that is due to the different total length of the radiating section L Nd  , where N is the number of the perturbation, chosen equal to 60 in the 2D model and equal to 35 in the 3D model to limit the computational requirements.
Conclusion
In this work, a highly directive OLWA based on SOI waveguide (made of a Si 3 N 4 waveguide comprising a planar periodic structure of silicon strips) has been proposed, whose working principle has been explained by using leaky wave and antenna array factor theory. A two dimensional (2D) implementation has been analyzed in details, and the radiation pattern has been compared to that of a linear OLWA in a 3D space. The highly directive radiation has been designed to be around the bottom transverse direction with 17.5 dB directivity and a 3 dB beam-width of 3dB in the main Brillouin zone. Results have shown that the theoretical predictions agree well with both COMSOL and HFSS full-wave results. For the sake of further investigation, we have observed the relationship of excess index change and attenuation constant with various carrier injection densities in the Si perturbations. Results showed that up to 0.75 dB  variation was achievable in the electric far-field radiation magnitude in presence of carrier injection of 19 -3 10 cm with respect to the one in absence of carrier injection, at max  , with 10 0.06k    , 0 0.001k
 
when the perturbation length is 58.2 µm. Based on this investigation, the wave beaming of the optical radiator at a fixed direction could be varied by combining the electronic and optical control to the intrinsic quality factor of the SOI device. Based on reciprocity, the interesting radiation performance exactly holds also for the receiving case, showing very narrow angular selectivity. Our results made the high speed modulation and integration more feasible and promising.
